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INTRODUCTION; 

This proposal responds directly to the recommendations for research as outlined by the Institute of 
Medicine: Recommendations for Research on the Health of Military Women. Our proposal 
specifically addresses the request for research on the effectiveness of different types of physical 
training programs for women in the military. 

Although physical activity is routinely prescribed for military-eligible women, a systematic 
examination of the effects of different modes of training on women's physiology and work 
performance has not been undertaken. Specifically, the decline in physical activity and loss of fat- 
free mass are significant predictors of decreased function and increased cardiovascular risk in 
military-eligible women. Thus, exercise interventions specifically designed to offset these 
deleterious changes in work performance, body composition and physical activity are important 
considerations. All military women initially experience the physical challenges of basic training and 
once through this experience, the new soldier experiences additional physical challenges that are 
directly influenced by other military-related activities including, deployment, natural aging, etc. 
Moreover, given the increased number of career military women retained in the services, strategies 
to achieve and maintain optimal fitness are of high priority. 

Although exercise is recommended to military women, it is unclear as to which type of 
exercise is most effective in maintaining physical fitness and body composition in an effort to 
reduce cardiovascular risk and enhance physical function. This proposal will address several health 
benefits of endurance and resistance exercise in military eligible women in an effort to establish 
guidelines to maintain optimal cardiovascular and metabolic fitness in military-eligible women. 
Results from this study will lay the scientific groundwork for the prescription of endurance 
and/or resistance exercise as the optimal mode of exercise to maintain physical fitness, work 
performance and reduce cardiovascular risk in military eligible women. 

The overall hypothesis is that the decline in physical activity habits and resultant 
increase in body fat reduces exercise capacity and muscle mass in military women. These 
lifestyle changes worsen metabolic and cardiovascular risk factors. Therefore, continued 
involvement in resistance and endurance exercise programs which increases or preserves fat-free 
mass will prevent functional declines in military-eligible women. Although exercise is frequently 
recommended to enhance overall fitness, it is unclear as to whether endurance or resistance exercise 
is more effective in attenuating functional and cardiovascular declines in women. We will 
systematically compare the effects of endurance and resistance exercise on physical activity, 
cardiovascular fitness, and fat metabolism in military eligible women. The results of this study will 
lay the groundwork for appropriate exercise prescriptions to reduce cardiovascular and metabolic 
risk and enhance physical function in military-eligible women. 

1. AIMS AND HYPOTHESES: 
AIM#1: To determine the effects of endurance exercise and resistance training on free-living 
physical activity and cardiovascular fitness in military-eligible women. 

AIM #2: To determine the effects of endurance training and resistance training on body 
composition and body fat distribution. 



AIM #3: To determine the effects of low intensity endurance vs resistance training on in-vivo 
fat metabolism and insulin sensitivity. 

2. BACKGROUND AND SIGNIFICANCE 
Although increased physical activity is recommended to women, it is unknown as to the 

type of exercise that is most effective in attenuating functional declines and improving metabolic 
fitness. We will directly compare the effects of endurance and resistance training on: 1) free- 
living physical activity and cardiovascular fitness, 2) body composition and body fat distribution; fat 
metabolism, and insulin sensitivity in military-eligible women. 

(2a) Exercise and Energy Expenditure. 
One important reason to prescribe exercise is to increase daily energy expenditure and 

physical activity to maintain proper levels of body weight and composition. The influence of 
different types of exercise to achieve this goal has not been systematically examined in women. 

Are endurance and resistance exercise effective interventions to increase resting and 
physical activity-related energy expenditure? A compelling goal of physical training programs is 
to increase physical activity and energy expenditure. It is presently unknown whether training 
programs accomplish this goal as physical activity levels outside of the exercise program could not 
be accurately measured. This proposal will provide new information on the impact of endurance and 
resistance exercise programs on resting and physical-activity related energy expenditure. 

Resting metabolic rate is the largest component of daily energy expenditure in humans (1). 
A low resting metabolic rate is a significant predictor for body weight gain (2), which may partially 
explain increases in body weight in women. We have also found the women have a lower resting 
metabolic rate per kilogram of fat-free mass (3). Collectively, these findings underscore the 
importance of exercise interventions that would increase resting energy expenditure in women in an 
effort to offset increases in body weight over time. 

It is encouraging to note that both endurance and resistance training has been found to 
increase resting metabolic rate in women (1). However, its effects on free-living physical activity is 
of greater interest with respect to regulation of energy balance. Changes in physical activity 
constitute a large proportion of variation in daily energy expenditure. Moreover, low levels of 
physical activity is a significant predictor of an increase in body weight over time (4). 

We recently performed a study to examine the effects of endurance exercise on free-living 
energy expenditure outside of the exercise program. We found that women actually reduced their 
free-living physical activity during non-exercising time in response to endurance training (5). This 
physiological adaptation is counter-productive to the goals of the military which strive to increase 
daily energy expenditure through physical exercise. It is possible that the intense level of the 
exercise program (85% of VO2 max) may have contributed to this finding. This study raises new 
questions regarding the optimal exercise mode to enhance free-living physical activity in women. 
This proposal will provide new information on the effects of endurance exercise on free-living 
physical activity by administration of doubly labeled water and the subsequent measurement 
of free-living physical activity. 



Much interest has recently focused on resistance training as an intervention to enhance 
muscular strength, restore physical function and reduce cardiovascular risk (6). The impact of 
resistance training, however, on physical and metabolic function has received less attention than 
endurance training, particularly in women. Resistance training is an effective stimulus to increase 
muscular strength and fat-free mass in untrained adults (6). The anabolic nature of resistance 
training may reverse declines in resting metabolic rate by increasing fat-free mass (7,8). We have no 
information, however, on the effects of resistance training on free-living physical activity in women. 
Resistance training may enhance free-living physical activity by several mechanisms: 1) an increase 
in protein synthesis (9); 2) an increase in sympathetic nervous system (8) and 3) increased levels of 
fat-free mass. In this study, we will provide new information on the effects of endurance exercise 
and resistance training as therapeutic interventions to increase free-living physical activity and 
maintain muscle mass in military-eligible women. 

(2b) Exercise, Intra-abdominal Fat and Insulin Sensitivity 
What are the effects of endurance and resistance exercise on body fat distribution and 

insulin sensitivity? We have included in the proposal an examination of the effects of exercise on 
the metabolic risk factors of insulin and fat metabolism. The rationale for their inclusion is twofold: 
1) changes in physical activity and body composition in response to training positively influence 
these variables and 2) the insulin resistance syndrome is an independent risk factor for 
cardiovascular (10). It is only recently, however, that the role of exercise to reduce intra-abdominal 
fat has been examined, and to our knowledge, no information is available in women. 

Schwartz et al (11) found that a six month endurance training induced a preferential loss of 
fat from the abdominal region. Despite the relatively small changes in body weight (<2 kg) and 
body composition, impressive (>20%) decrements were found in intra-abdominal fat. These 
changes were associated with improved lipid lipoprotein profiles. Tonino (12) demonstrated an 
increase in insulin sensitivity with the euglycemic clamp technique in men following an aerobic 
exercise training program which did not substantially affect body composition. Houmard et al (13) 
exercise trained 13 middle-aged men, but found that a reduction in central body fat, as measured 
from the waist circumference, was not related to an improvement in insulin sensitivity. 
Alternatively, Kirwan et al (14) noted that regular exercise was effective in reducing 
hyperinsulinemia and improving insulin sensitivity and that these changes were related to the 
reduction in the waist circumference. Khort et al (15) showed that a higher waist circumference was 
related to a lower rate of glucose disposal in men. Unfortunately, no systematic investigation of the 
effects of exercise on insulin sensitivity and body fat distribution has been undertaken in women. 

Most studies have focused on endurance training, whereas less attention has been directed 
towards the effects of resistance training on intra-abdominal body fat and insulin sensitivity. 
However, because isometric contractions produce insulin-like effects on glucose uptake in skeletal 
muscle (16) and muscle mass serves as the principal site of glucose disposal, resistance training 
could be an important intervention to enhance insulin action in women. Recent reports provide 
support for this hypothesis. Ross and Rissanen (17) found that the combination of energy restriction 
(1000 kcal/day) and either resistance or aerobic exercise induced significant reductions in intra- 
abdominal fat. This was a surprising finding given the fact that the direct energy cost of the 
endurance exercise program was substantially higher than the resistance training program. This 
finding suggests that changes in the other components of total daily energy expenditure (resting 



metabolic rate or physical activity) may have occurred that significantly increased the total daily 
energy expenditure of the resistance training program. 

Several investigators examined changes in insulin sensitivity in response to resistance 
training. For example, insulin responses to an oral glucose challenge were found to be lower in 
younger individuals after resistance training (18), and in some cases glucose tolerance was 
improved similarly in endurance and resistance training (19). Miller et al (20) showed that 16 weeks 
of strength training improved the insulin response to glucose ingestion in young males, which they 
attributed to an increased muscle mass. Data from our laboratory showed that strength training 
increased nonoxidative glucose metabolism by 45% in men (21). To our knowledge, no studies 
have directly compared the effects of endurance vs resistance training on changes in intra- 
abdominal body fat and associated changes in glucose metabolism in women. 

(2c) Exercise and Fat Metabolism. 
What are the effects of endurance and resistance exercise on fat oxidation? We feel is it 

is important to include a measure of fat oxidation in the present study to help explain the 
mechanisms related to changes in insulin sensitivity. It is reasonable to hypothesize that the loss of 
intra-abdominal body with exercise training programs will be associated with improvement in 
insulin sensitivity. This is based on the fact that adipose tissue in the visceral region is highly 
sensitive to lipolytic stimuli, particularly in those regions drained by the portal circulation (22). As a 
consequence, increased fat oxidation as a result of exercise would reduce the delivery of free-fatty 
acids to the liver, thereby reducing gluconeogenesis and stimulating hepatic insulin clearance. This 
would lead to lower circulating concentrations of insulin and increased insulin sensitivity (23). 
However, the optimal exercise mode to maximize loss of intra-abdominal fat and improve insulin 
action has not been clearly established. 

The majority of knowledge regarding the effects of exercise on fat oxidation has been 
primarily derived from endurance training studies and from measurements of circulating 
concentrations of substrates considered to be representative of lipolytic action (24,25). More 
recently, we have used in-vivo techniques to quantify fat metabolism in humans. We showed that 
endurance training increased levels of fat oxidation in healthy women (26). However, less 
information is available regarding the effects of resistance training on fat oxidation in younger 
women. Pratley et al (8) showed that 16 weeks of resistance training increased plasma levels of 
norepinephrine in men, but no changes were noted in fat oxidation. Melby et al (27) showed that 
resistance exercise elevated postexercise metabolic rate and fat oxidation 15-hr after exercise 
completion. They suggested that resistance exercise may be beneficial in weight control because of 
the direct energy cost of the activity, the residual elevation of postexercise VO2 and the greater post- 
exercise fat oxidation. Work from our laboratory shows that fat-free mass is an important regulator 
of the rate of appearance of fatty acids into circulation and fat oxidation in women (28,29). Thus, 
resistance training may elevate the level of fat oxidation by increasing the metabolic demand for 
fatty acids by increasing skeletal muscle mass as well as the level of daily energy expenditure and 
physical activity. This study will provide new insight into the effects of endurance and resistance 
training on insulin sensitivity and fat oxidation in military-eligible women. 



Collectively, this will be the first proposal to systematically examine the effects of 
endurance and resistance training on a comprehensive battery of cardiovascular and metabolic risk 
factors in military-eligible women. 

3. WORK ACCOMPLISHED: 
Intervention Studies 
We examined the effects of exercise training on changes in total daily energy expenditure 

and physical activity. We subjected women to 8 weeks of intense endurance training in which 
resting metabolic rate, body composition and norepinephrine kinetics were measured (30,31). We 
found that resting metabolic rate increased by 10% (150 kcal/d), without significant changes in body 
composition. These results suggest that endurance training increases resting energy needs in 
women. These results prompted further studies with doubly labeled water to examine the effects of 
exercise on daily physical activity, the true determinant of energy balance. These studies document 
our ability to carry out and retain women in exercise intervention studies. 

We used doubly labeled water to assess the effects of exercise on free-living energy 
expenditure (5). We found that individuals became more inactive during their non-exercising time 
in response to a high intensity endurance exercise. We found that endurance training resulted in a 
62% reduction in the energy expenditure of physical activity outside of the exercise program (571 ± 
383 to 340 ± 452 kcal/d). The results underscore the importance of using doubly labeled water to 
determine the effects of endurance or resistance exercise on daily energy expenditure in women. 
This study documents our ability to use doubly labeled water methodology in exercise 
intervention studies and raises new questions regarding the type of exercise that is most 
efficient in increasing physical activity in military-eligible women. 

Fat Metabolism: 
In a series of studies, the effects of endurance training on fat oxidation in women were 

assessed. Free fatty acid appearance rate and fat oxidation were determined from 14C palmitate 
infusions and indirect calorimetry (26). In response to endurance training, free fatty acid appearance 
did not change, but fat oxidation increased (200 ± 12 vs 244 ± 16 umol'min"1; PO.01). These results 
support the notion that endurance training increases fat oxidation in the basal state. Furthermore, 
individuals who increased total daily energy expenditure and physical activity, also showed higher 
levels of fat oxidation (r=0.55; PO.05). These findings led us to propose to test the hypothesis 
that significant increases in total daily energy expenditure and physical activity (by endurance 
or resistance exercise) will enhance fat oxidation, promote loss of intra-abdominal fat and 
increase insulin sensitivity in military-eligible women. 

Resistance Training: 
We examined relationships of resting metabolic rate to cardiovascular disease risk in 

middle-aged women characterized as resistance trained, aerobic trained or untrained (33). Resting 
metabolic rate, after normalization for differences in fat-free mass, was 7% higher in aerobic and 
resistance trained women compared to untrained women. Both aerobic and resistance trained 
individuals were expending approximately 200 kcal/d more at rest when compared to untrained 
individuals. These results suggest that resistance and aerobic training can serve as suitable 
interventions to offset the decline in resting metabolic rate in military women. We now propose a 
resistance training study in which daily energy expenditure can be measured to assess it 



relation to enhanced functional capacity and cardiovascular risk factors in military eligible 
women. 

The effects of resistance training, with and without weight loss, on endogenous insulin 
secretion and peripheral tissue glucose utilization was examined in postmenopausal women (34). 
Women trained three times per week for 16 weeks on resistance machines. Body composition was 
measured from dual-energy x-ray absorptiometry. Despite weight loss, fat-free mass was 
maintained in weight loss groups by concomitant resistance training. The endogenous insulin 
response decreased 24% with resistance training and 42% with resistance training and weight loss, 
with no change in glucose utilization. These results suggest that peripheral tissue sensitivity to 
endogenously secreted insulin improved to a greater extent with resistance training and weight loss 
rather than resistance training alone. However, resistance training increased insulin sensitivity in 
both groups. These results suggest that increased adiposity and glucose intolerance associated with 
the post-menopausal state could be prevented with resistance training and weight loss. We now 
propose to study the mechanism of the increase in insulin sensitivity in military-eligible 
women by examining in-vivo fatty acid utilization and oxidation. 

Significance of Proposed Work. The adaptive responses of military-eligible women to endurance 
and resistance training has been an understudied area of research. The combined used of doubly 
labeled water methodology, multicompartment models of body composition, and substrate measures 
of insulin sensitivity and fat oxidation will provide new information on the effects of resistance and 
endurance exercise to cardiovascular and metabolic risk factors. Our preliminary data demonstrates 
our ability to successfully conduct exercise studies in women, perform sophisticated measured of 
energy expenditure and substrate metabolism. Results from this study will lay the scientific 
groundwork for the prescription of resistance and endurance exercise to enhance 
cardiovascular and metabolic fitness in military eligible women. 

BODY OF THE REPORT: 

SUBJECT SELECTION: 

We have successfully recruited 89 military eligible, non-pregnant women (18 to 35 yrs.) for 
this study. Of the 89 women recruited, 58 women completed the study with a dropout rate of 32%. 
The endurance group consists of 20 women; the resistance group; 20 women and the control group; 
18 women. Volunteers were screened by telephone to ensure that they met the study inclusion 
criteria and are free of exclusionary criteria. Eligible subjects were scheduled for a screening visit at 
which time the study was explained in detail and a written informed consent was obtained. A fasting 
blood profile, a urinalysis, fasting and two hour postprandial glucose and a resting EKG was also 
obtained. 

Criteria for subject inclusion was: premenopausal and age between 18 to 35 years, a body 
mass index between 18 and 25 kg/m2. Exclusion criteria included a history or evidence on physical 
examination or testing of the following: 1) diabetes; 2) orthopedic limitations or history of 
pathologic fractures, 3) hypertension (>160/90 mmHg; 4) use of prescription or over the counter 
medications which could affect glucose metabolism (including insulin and oral hypoglycemic 
agents), 5) smoking. 



EXPERIMENTAL DESIGN: 

Volunteers were randomly assigned to a 6-month endurance, resistance training or 
control group. All subjects were weight stabilized and given dietary advice to consume a diet 
containing at least 250g of carbohydrate per day prior to testing. Diets were not changed throughout 
the program. All tests were performed during the follicular phase of the menstrual cycle. The testing 
sequence is described below: 

Testing Sequence: 

1. Recruiting: Telephone screen and advertising 
2. Screening visit (1 day) 
(a) Physical exam and history 
(b) Graded exercise test 
3. Dietary Instruction, Body Weight Stabilization (2 weeks) 

(a) Two weeks of dietary instruction for body weight stabilization and adequate 
carbohydrate intake. Perform test of VO2 max test during this period to avoid interference of 
vigorous exercise with other metabolic tests. 
4. Overnight Visit to the University of Vermont (1 day) 

(a) Administration of Baseline Doubly Labeled Water (afternoon of admission) 
(b) Computerized Tomography Scan (afternoon of admission) 

(c) Resting Metabolic Rate 
(d) Dual Energy x-ray Absorptiometry Scan 

(e) Fatty Acid Kinetics 
(f) Perform Insulin Clamp 

5. Return visit (10 days later) 
(a) Urine collections of doubly labeled water 

6. Random assignment to Endurance, Resistance or Control group 
7. Tests During Exercise Programs 

(a) Re-assessment of strength to maintain exercise prescription 

8.6 month Post-testing Period: 
(a) Testing sequence is identical as described in 3, 4 and 5 (testing conducted at least 48 h 

after last exercise session) 

10 



METHODS; 

The METHODS section is subdivided into the following categories: 
(1) Endurance Training, Resistance Training and Control Group; 
(2) Energy Expenditure; 
(3) Body Composition and Body Fat Distribution; 
(4) Insulin Sensitivity 
(5) Fat Metabolism 

(1) INTERVENTIONS: 

(a) Endurance Training Program 

All endurance exercise sessions were preceded by a 10 min warm-up which consisted of 
stretching of the major muscle groups and slow walking on a treadmill. The women exercised three 
times per week using the Racquets Edge Health and Fitness Center. The training sessions consisted 
of an individually prescribed duration and intensity. To monitor adherence to prescribed training 
plan, volunteers wore a heart rate monitor (Polar Accurex, Polar Electronics Inc.) during each 
training session. A warm-down was performed after the treadmill session and consisted of 
flexibility exercises. Data of individuals are considered in the statistical analysis who attended at 
least 80% of all exercise sessions. 

The women were taught to monitor their heart rates. The duration of the exercise began at 
~ 20 minutes walk/jogging. By the end of the exercise program, individuals were jogging 
approximately 45 to 55 minutes (Table 1). By the end of 6 months of endurance training, 
volunteers expended approximately 600-800 kcal per session, or an additional increase of 2400 to 
3200 kcal per week generated by the direct energy cost of the exercise. The quantity of expenditure 
was substantial but realistic to perform when an adequate adaptation period is built into the study. 
Dr. Dvorak (a fellow in Dr. Poehlman's laboratory) and hired personal trainers will supervise the 
exercise program. 

Duration of exercise Weekl Week 2 Week 3 Week 4 
25' 70% 75% 80% 85% 

Week 5 Week 6 Week 7 Week 8 
30' 75% 80% 85% 90% 

Week 9 Week 10 Week 11 Week 12 
35' 75% 80% 85% 90% 

Week 13 Week 14 Week 15 Week 16 
40' 75% 80% 85% 90% 

Week 17 Week 18 Week 19 Week 20 
45' 80% 85% 90% 

Week 21 Week 22 Week 23 
50' 80% 85% 90% 

Week 24 Week 25 Week 26 
55' 80% 85% 90% 

Table 1.  Endurance exercise training program (70% represents the percentage of HRmax obtained 
during the peak oxygen consumption test) 

11 



(b) Resistance Training Program 

The resistance training program was designed to stimulate optimal gains in muscular size 
and strength over the 6-month training period. Women trained on three non-consecutive days 
during the week (e.g., Mon, Wed, Fri). Variation in training will enhance the quality of the exercise 
stimulus by improving the adherence to the training program and reducing the potential boredom 
often associated with the use of a redundant resistance training protocol. 

Women were individually instructed in the performance of each exercise and allowed to 
practice the exercise and strength testing protocol several times prior to initial testing and the start of 
the training program. Prior to strength testing, two resistance training sessions were conducted so 
that women could become familiar with the equipment and proper exercise techniques. 

Each training session included a warm-up of low intensity cycling for 5 min, followed by a 
10 min of static stretching of all the major muscle groups used in training. Each exercise session 
was individually monitored for optimal progression. The resistance program consisted of the 
following exercises: 1) Leg press, 2) Leg Extensions; 3) Hamstring Curls; 4) Bench Press; 5) Seated 
Rows; 6) Lat-pull Downs; 7) Military Press; 8) Bicep Curls; 9) Tricep Extenions. The exercises 
provided a total body resistance training program for all of the major muscle groups of the body. 
Cybex weight training equipment (located in the Racquets Edge Health and Fitness Center) was 
used. 

The basic prescription was to perform three sets of ten repetitions for individual lift, with 
sixty seconds breaks between the sets. In addition, volunteers lifted the weight to failure during the 
last set, more specifically, they were able to perform at least six but no more than 12 repetitions. 
When they reached the level of performance so that they could'perform 12 repetitions during the 
last set, the resistance was increased for the next training session. This ensured the necessary level 
of overload for each training session. 

Because of the need for test specificity, 1 RM evaluations of certain exercises used in the 
training program provided the most direct evaluation of the training gains made over the 6-month 
period. The 1-RM is defined as the maximum amount of resistance that can be moved through the 
full range of motion of an exercise for no more than one repetition. To determine the 1 RM, each 
subject initially performed 3 to 5 repetitions with the lightest weight possible to be sure proper 
technique is used. The investigator then selected a weight and asked the subject to perform the lift. 
Following 3 to 4 minutes of rest, the next heaviest weight was selected and the attempt was repeated 
until the subject could not complete the full lift. In each case, the investigator attempted to 
determine the 1 RM with 6 to 7 trials to prevent localized muscle fatigue. Training was set at 
approximately 80% of 1 RM. The same number of trials, time between trials and order of exercises 
was used before and after training for the 1-RM test. Tests were administered prior to the start of the 
training program and twice per month for the first two months (because of the anticipated rapid 
increase in strength) and once per month thereafter. The following exercises were evaluated for 1 
RM's: leg press, leg extension, bench press, military press, lat pull downs and seated rows. 

(c) Control Group 

The attention control group met as frequently in a group as the exercise intervention groups 
at the University of Vermont. They were strongly encouraged to maintain their current level of 
physical activity and not to engage in any form of endurance or resistance exercise. They received 
similar dietary instruction and social support as the exercise intervention groups. They participated 

12 



in all testing and weight stabilization. Following the completion of the study, these women were 
provided personalized exercise prescriptions for endurance and resistance training programs. 

(2) ENERGY EXPENDITURE 

(a) Doubly labeled water fDLW) 

To determine the effects of endurance and resistance training on changes in daily energy 
expenditure and physical activity, energy expenditure was measured during a 10-day period using 
DLW methodology (32). A baseline urine (10 ml) was collected and a mixed dose of DLW was 
orally administered the afternoon before the first test visit. The doses was approximately 0.24g of 
H2

180 and 0.22g of 2H20 per kg of estimated total body water. The dose described has been selected 
to achieve initial and final enrichments that translate, by propagation of error analysis to a 
theoretical uncertainty in carbon dioxide production rates arising from analytical error of less than 
5% (32). 

Two urine samples were collected on the morning after dosing, and another two were 
collected on a return visit 10 days later. Samples are being analyzed in triplicate for H2

180 and 2H20 
enrichments by isotope ratio mass spectrometry at the Biomedical Mass Spectrometry Facility in the 
Department of Medicine at the University of Vermont using the C02 equilibration technique (36), 
and the off-line zinc reduction method (37). Total daily energy expenditure is calculated from 
doubly labeled water data using equation A6 of Schoeller et al (38). This technique will provide 
new information on whether physical activity levels (outside of the exercise programs) change 
in response to the endurance and resistance exercise programs. 

(b) Resting Metabolic Rate (RMR) 

RMR was assessed after an overnight fast in which volunteers stayed overnight. RMR was 
measured for each subject by indirect calorimetry for 45 min, using the ventilated hood technique 
(39). Energy expenditure was calculated from the equation of Weir (40). The intraclass correlation 
and coefficient of variation (CV) for RMR determined using test-retest in 17 volunteers is 0.90 and 
4.3%, respectively. This measurement provides information on whether resting energy 
requirements change in response to endurance and resistance exercise. 

(c) Physical Activity Energy Expenditure 

The energy expenditure of physical activity was derived by subtracting RMR, and an 
estimate for the thermic effect of a meal from total daily energy expenditure (32). A fixed constant 
of 10% of daily energy expenditure for the thermic response to feeding was assumed (41). We have 
chosen not to directly measure the thermic effect of a meal because: 1) its contribution to total daily 
energy expenditure is small (10% of total daily energy expenditure) (42) and 2) postprandial 
measurements are long (4 to 6 hr) and of questionable reproducibility (43) and 3) the measurement 
of postprandial energy expenditure would significantly increase the time commitment for the 
women. The change in the level of physical activity is a primary outcome variable because of 
its large contribution to daily energy expenditure and its relationship to changes in body 
composition. 
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(d) Maximal Aerobic Power (VO? max) 

VO2 max was assessed by a progressive and continuous test to exhaustion on a treadmill. 
VO2 max was considered to have been achieved if two of the following criteria are met: 1) a 
plateauing of VO2 when the increase in oxygen consumption during the last minute of the VO2 max 
test is <200 ml; 2) a respiratory exchange ratio greater than 1.1; or 3) a heart rate at or above the 
age-related predicted maximum (220 - age, yr). Test-retest conditions (within 1 week) for V02 max 
for 20 volunteers have yielded an intraclass correlation of 0.94. If these criteria were not met, we 
requested that the volunteer perform another test of VC^max. VO2 max was assessed every two 
months to take into account the increases in maximal aerobic power so that exercise prescriptions 
can be re-evaluated to maintain the desired exercise intensity. 

(e) Estimated energy intake 

Self-recorded energy intake was measured for seven days during the doubly labeled water 
measurement period. Briefly, volunteers were provided with record sheets and dietary scales 
including procedures for reporting intake, estimation of portions, and describing food combinations. 
The energy content from food diaries will provide a more accurate estimate of food quotient 
necessary in the calculation from doubly labeled water. 

(3) BODY COMPOSITION AND BODY FAT DISTRIBUTION 

(a) Dual Energy x-ray Absorptiometry (DEXA) 

DEXA uses the exponential attenuation due to absorption by body tissues of photons 
emitted at two energy levels (40 and 70 keV) to resolve body weight into bone mineral, and lean 
and fat soft tissue masses. The subject lays supine on a padded table. All metal objects are removed. 
The total dose for a scan is less than lmSv. A total body scan takes about 30 minutes and provides 
estimates of the following: bone mineral densities (BMD, g/cm2), soft-tissue attenuations ratios 
(Rst-values), fat and lean tissue weights (g), and percent body fat for 9 body regions, as well as total 
body fat weight, %body fat, fat-free mass and total body mineral weight. The reproducibility for 
body fat is 1.7% in test-retest conditions in six females. This technique provides information on 
whether fat mass, fat-free mass and bone density changes in response to endurance and 
resistance exercise. 

(b) Computerized tomography (CD 

CT scans are performed on a Siemens Somatom DRH scanner (Erlangen, FRG) using the 
procedures of Sjostrom et al (44). Briefly, women are examined in the supine position with both 
arms stretched above their head and single 5 mm, 2 second scans are taken at the abdomen at the 
level of the umbilicus and the mid-thigh level halfway between the greater trochanter and superior 
aspect of the patella and greater trochanter. Based on our evaluation of mean attenuation and 
intersection of adipose muscle tissues of over 400 cross-sections of intra-abdominal adipose tissue, a 
range of-190 to -30 Hounsfield units (HU) are used to measure cross-sectional area of adipose 
tissue and 30-80 HU for muscle tissue. Intra-abdominal and subcutaneous fat areas (expressed in 
cm2) are measured using an automated computer program which outlines fat with the HU range 
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selected. The coefficient of variation for repeat cross-section analysis of scans among 40 women is 
less than 2% for adipose tissue. The technique will provide information on whether the quantity 
of visceral fat changes in response to resistance and endurance exercise. 

(4) INSULIN SENSITIVITY 

The hyperinsulinemic/euglycemic clamp was used to measure sensitivity to insulin (23). 
Women had an intravenous catheter placed in a large antecubital vein for infusion (20% dextrose) 
and another placed in a retrograde fashion into a dorsal vein with the hand kept in a warming box at 
70°C to arterialize venous effluent. Blood samples are drawn from the dorsal hand vein for glucose 
and insulin determination (every 5 min). Plasma glucose levels are measured (Beckman 
Instruments, Fullerton, CA) and the rate of glucose infusion adjusted every 5 minutes to maintain 
the desired level of glycemia. Insulin concentrations were measured by radioimmunoassay in all 
samples from an individual (baseline, and post-intervention) in a single assay to minimize interassay 
variation. 

The amount of glucose utilized is an index of insulin sensitivity. This technique will 
provide new information on changes in insulin sensitivity in response to endurance and 
resistance exercise in military-eligible women. 

(5) FAT METABOLISM 

i. 13C-palmitate kinetics 

Basal rates of lipolysis and whole body fat oxidation was assessed as previously described 
(26). Briefly, a non-primed constant infusion of [l-13C]palmitic acid was administered for 120 min 
in the post-absorptive state with simultaneous measurement of resting metabolic rate with indirect 
calorimetry. Samples for determination of the enrichment of the specific activity of palmitic acid 
will be taken prior to and at 90,100,110, and 120 min after the start of the infusion. 

The calculations were made using the following equations: 
i. The rate of appearance of palmitic acid (Rap) with the following formula: 

RaP (fimol/kg/min) = IR/IE 

where, IR is the infusion rate of tracer (umol/kg/min) and IE is the enrichment of substrate in 
plasma at isotopic equilibrium. 

ii. The rate of appearance of free fatty acids (RSFFA) with the following formula: 

ROFFA (fimol/kg/min) = Rap (CFFA/CP) 

where, CFFA is a concentration of free fatty acids in the blood measured by colorometric assay using 
kit from Biochemical Diagnostics (Brentwood, NY) and Cpis the concentration of plasma palmitate 
measured by gas chromatography-mass spectrometry. 

iii. The rate of oxidative disposal (FFAox) of serum fatty acids was measured by indirect 
calorimetry. The rate of fat oxidation (FAT0X) is obtained by dividing fat oxidation calculated with 
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indirect calorimetry by 860 (molecular weight of a typical triglyceride), and multiplying it times 
three (three fatty acids per mole of triglyceride). 

iv. The rate of non-oxidative disposal (FFANox) of serum fatty acids (extracellular 
recycling of fatty acids by the following formula: 

FFANox = RaFFA - FFA0x 

The coefficient of variation for test-retest measurements is 13% and the intra-class correlation is 
0.95 for ten older individuals tested two weeks apart. This technique will provide information on 
changes in fatty acid appearance and fat oxidation in response to endurance and resistance 
exercise programs in military eligible women. 

(6) SAMPLE SIZE CALCULATIONS and DATA ANALYSIS 

(1) Sample Size Calculations 

We have calculated sample sizes based on hypothesized changes within the endurance and 
resistance treatment conditions. We present power calculations for hypothesized changes in two 
variables: 1) total daily energy expenditure and 2) insulin sensitivity. Our sample size calculations 
are for an alpha level of 0.05 with 80% power. Our recruiting and sample size goals were finally 
based on the changes anticipated with insulin sensitivity because of the larger sample size required. 

We hypothesized that the total daily energy expenditure will be increased by 360 kcal/d for 
both endurance and resistance training with a standard deviation of 200 kcal/d in women. This 
increase takes into account the 10% increase in resting metabolic rate (160 kcal/d) (30) and the 
hypothesized increase of 200 kcal/d in free-living physical activity. We anticipate that endurance 
exercise will increase physical activity during non-exercising time because: 1) the loss of fat mass 
will reduce the burden of carrying extra weight and 2) daily physical activities will be performed at 
a lower percentage of V02max. We anticipate that resistance training will increase fat-free mass by 
2-3 kg. Data from our laboratory shows that for each 1 kg increase in fat-free mass, resting 
metabolic rate increases by approximately 50 kcal/d (42). This would translate into a 150-160 
increase in resting metabolic rate per day. Again, given the increase in fat-free mass, we anticipate 
that women will be more physically active and expend approximately 200 kcal/d more per day in 
their non-exercising time. Thus, we hypothesize that total daily energy expenditure will be increased 
by an extra 360 kcal/d with a standard deviation of 200 kcal/d (32). 

We have also performed power analyses on changes in insulin sensitivity. We estimated that 
setting the power at 0.80 and a significance level at 0.05, in order to detect a difference in glucose 
utilization 0.4 mg/kg fat free-mass/min. This preliminary data from our laboratory is based on 0.8 
mg/kg fat-free mass change in glucose utilization in 10 endurance trained individuals who trained 
for 6 months and a 0.4 mg/kg fat-free mass change in 12 older individuals who lost 4 kg after 6 
months and with a standard deviation of 1.1 and 1.3 mg, respectively. We will need 85 subjects or 
28 women per group (resistance, endurance and control). With a 20% dropout rate, we will need to 
recruit 104 women over the four year grant period. Because the sample size calculations for this 
variable yielded the greatest number of subjects to be recruited, we have based our recruiting and 
sample size calculations on the change in insulin sensitivity. 

16 



STATISTICAL ANALYSIS; 

Analysis: A repeated measures analysis of variance will be used to detect changes with time within 
the treatment condition and among groups (endurance vs resistance vs control). The repeated 
measures factor will be the repeated tests during the exercise programs. 

This analysis will provide information on whether total daily energy expenditure, resting 
metabolic rate, physical activity, fat metabolism and intra-abdominal body fat and insulin sensitivity 
change in response to and among treatment conditions. Changes in the dependent variables will be 
analyzed on an absolute as well as relative (%) basis. 

RESULTS: 

See attached paper in Appendix EL 

DISCUSSION: 

We conclude that our randomization procedure has been successful, as there were not any 
statistically significant differences among the groups at pre-testing in any of the physical 
characteristic variables. Moreover, the recruitment for this study is now complete. The dropout 
rate is -33% (29 volunteers), which is slightly higher than we have anticipated (20%). The 
major reason for dropouts has been non-compliance with the training protocol (16 volunteers). 
That is, the volunteers' participation in the training was below an acceptable level (80%), 
typically due to conflicts with their other commitments. Furthermore, 8 volunteers dropped out 
because of an injury (knee pains, ankle pains). This is to be expected, because only previously 
sedentary women are accepted for participation. Some of the other reasons included relocation 
(2 volunteers), refusal to return for post-testing (2 volunteers), health problems not related to 
training (3 volunteers), and pregnancy (2 volunteers). To decrease our dropout rate, we adopted 
a strategy of very detailed discussions with each prospective volunteer (by two different 
members of our team) during the initial contact over the phone as well as during the screening 
visit. On both occasions, we thoroughly describe and stress the time commitment necessary for 
their successful participation in the study. This approach has proven successful, during the last 
year and we have observed a substantially lower dropout rate. 

The analysis of the pre- and post-intervention data supported the anticipated effect of our 
exercise training interventions. The increases in peak oxygen consumption as well as maximum 
strength and fat-free mass are in accordance with the results of similar exercise intervention 
studies. 

17 



RECOMMENDATIONS: 

Recommendations at this time include that a continuous program involving resistance 
and/or endurance training shows significant improvements in glucose disposal in young women 
with normal body weight. This type of training also has a long term effect on preventing the onset 
of type 2 diabetes, hypertension and cardiovascular disease. Each volunteer who has completed this 
study has seen significant results in their overall health. It has been recommended to them to 
continue a similar program on their own to further maintain a healthy lifestyle. 

KEY RESEARCH ACCOMPLISHMENTS: 

Women with a BMI <26 but with a body fat percentage 30% are at a higher risk for 
impaired insulin sensitivity, which will potentially promote an early onset of type 2 
diabetes, hypertension, and CVD. 
Young non-obese women with both high percentages of subcutaneous and visceral 
abdominal fat accumulation are at higher risk for impaired insulin sensitivity. 
Recent data has shown that obesity-related phenotypes are present in apparently healthy, 
young women with normal body weight. 
Major findings include that resistance and endurance training improve glucose disposal 
which could prevent the onset of metabolic deterioration, type 2 diabetes, and obesity. 
The volume of physical activity preformed in the present study may be more beneficial 
in preventing increases in total regional fat with advancing age, rather than promoting 
fat loss. 
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REPORTABLE OUTCOMES: 

Through the course of working on this project, two papers have been submitted for 
publication. "Phenotypic Characteristics Associated With Insulin Resistance in Metabolically 
Obese but Normal Weight Young Women" is located in Appendix I. "Effects of Resistance 
Training and Endurance Training on Insulin Sensitivity in Non-obese, Young Women: A 
Controlled Randomized Trial" is located in Appendix H In addition, a strong database of 89 
volunteers has been generated from this study. This database will allow us to compare information 
in this study with current findings in our line of research. A current copy of this database is located 
in Appendix HI. 

This grant has provided the University of Vermont with several employment and research 
opportunities. The Department of Medicine has developed a strong relationship with Racquet's 
Edge Health and Fitness Center, which has a direct effect on the community. Racquet's Edge is the 
leader among fitness clubs in this area and will be a strong link for the University of Vermont 
research department to the community. Employment opportunities from this project have been 
significant. Dr. Roman Dvorak has been working on this project since the beginning. It has given 
him the opportunity to become independent with his own research and complete his post doctoral 
degree here at the University of Vermont. Moreover, Travis Beckett and Kristen Kinaman have 
had the opportunity to personal train the volunteers as well as to help coordinate scheduling and 
assist in research for this project. Sarah Goodrich has also helped in training the volunteers at the 
Racquet's Edge furthering her career in research. 

CONCLUSIONS: 

We are very pleased with the progress of this study. We were able to recruit a substantial 
cohort of young women and the composition of all three groups follow the inclusion criteria as 
outlined above. Moreover, absence of significant difference among the groups at the pre-testing in 
age, weight, body mass index and peak oxygen consumption indicates that our randomization 
procedure works as anticipated. We have been receiving positive feedback from volunteers in the 
exercise training groups. Furthermore, the analysis of pre-versus post-exercise intervention data has 
shown that our exercise training intervention induced the anticipated effects with respect to peak 
oxygen consumption, maximum strength, and fat-free mass. Overall, we conclude that every aspect 
of the study proceeds as proposed in our original application and that we will complete the project 
in the anticipated time. 

At this time, the recruitment of subjects needed for participation in this study is complete. 
Our lab is now collecting and analyzing the data related to this project. Data collected from the 
Doubly Labeled Water is laboratory intensive and requires accuracy and time. 
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Phenotypic Characteristics Associated With 
Insulin Resistance in Metabolically Obese but 
Normal-Weight Young Women 
Roman V. Dvorak, Walter F. DeNino, Philip A. Ades, and Eric T. Poehlman 

Metabolically obese, normal-weight (MONW) individuals 
are a hypothesized subgroup of the general population. 
These normal-weight individuals potentially display a 
cluster of obesity-related features, although this has not 
been systematically tested in young women. We hypoth- 
esized that MONW young women would display higher 
levels of total and visceral fat and lower levels of phys- 
ical activity than normal women. In a cohort of 71 
healthy nonobese women (21-35 years old), we identified 
MONW women based on cut points for insulin sensitiv- 
ity (normal = glucose disposal >8 mg • min"1 • kg"1 of fat- 
free mass [FFM], n = 58; impaired = glucose disposal <8 
ml • min"1 • kg"1 of FFM, n = 13). Thereafter, we measured 
body composition (dual energy X-ray absorptiometry) 
and body fat distribution (computed tomography), car- 
diorespiratory fitness (Vo2max on a treadmill), physical 
activity energy expenditure (doubly labeled water and 
indirect calorimetry), glucose tolerance (oral glucose 
tolerance test), serum lipid profile, and dietary intake. 
We found a higher body fat percentage (32 ± 6 vs. 27 ± 
6%, P = 0.01) and higher subcutaneous (213 ± 61 vs. 160 
± 78 cm2, P = 0.03) and visceral (44 ± 16 vs. 35 ± 14 cm2, 
P < 0.05) abdominal adiposity in the MONW group ver- 
sus the normal group. The MONW group showed a lower 
physical activity energy expenditure (2.66 ± 0.92 vs. 4.39 
± 1.50 MJ/day, P = 0.01), but no difference in cardiores- 
piratory fitness was noted between groups. In conclusion, 
despite a normal body weight, a subset of young, appar- 
ently healthy women displayed a cluster of risky pheno- 
typic characteristics that, if left untreated, may eventu- 
ally predispose them to type 2 diabetes and cardiovas- 
cular disease. Diabetes 48:2210-2214, 1999 

T 
sion. 

he existence of a subgroup of individuals who 
have normal body weight but display a cluster of 
obesity-related phenotypic characteristics was 
first proposed in the 1980s (1). Since this discus- 

an accumulating body of evidence suggests a high 
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CVD. cardiovascular disease: FFM. fat-free mass: GCRC. General Clin- 
ical Research Center; MONW. metabolically obese, normal-weight: OGTT. 
oral glucose tolerance test: PAEE. physical activity energy expenditure: 
RMR. resting metabolic rate: TEE. total daily energy expenditure. 

prevalence of these individuals in the general population 
(2,3). These metabolically obese, normal-weight (MONW) 
individuals display early signs of insulin resistance, hyperin- 
sulinemia, and dyslipidemia, despite having a normal weight 
based on traditional criteria (e.g., BMI, height/weight tables, 
etc.) (2). The presence of these metabolic and cardiovascu- 
lar disease (CVD) risk factors may go undetected for years 
because young age. sex, and normal body weight mask the 
need for early detection and treatment. To our knowledge, 
however, the existence and prevalence of this syndrome in 
young women has not been systematically investigated. 
Moreover, the phenotypic characteristics that may be asso- 
ciated with the MONW syndrome in young women are 
unknown. 

To this end, we identified MONW individuals (characterized 
by impaired insulin sensitivity) in a representative cohort of 
young nonobese women. Second, we compared the pheno- 
typic characteristics implicated in the pathogenesis of insulin 
resistance between MONW and normal women. We hypoth- 
esized that MONW women would display higher levels of 
total and visceral adiposity and lower levels of cardiorespi- 
ratory fitness and physical activity than women with normal 
insulin sensitivity. 

RESEARCH DESIGN AND METHODS 
Patients. There were 71 young normal-weight women (67 of Caucasian. 2 of Asian, 
and 2 of Hispanic origin) who participated in the study. The inclusion criteria for 
participation were 1) age 18-35 years. 2) BMI <26. 3) weight stable (i2 kg) over 
6 months preceding the study, and 4) no regular participation in exercise for 
6 months before the study. Exclusion criteria for participation were 1) smoking. 
2) acute illness. 3) receiving any medication affecting energy expenditure (e.g.. 
ß-blockers), and 4) alcohol consumption >15 g of alcohol/day. The presence or 
absence of a family history of diabetes was obtained during the physical exami- 
nation. Because participants in our study were young women (<35 years old), 
parental age may have limited the detection of type 2 diabetes. Thus, we also con- 
sidered the presence of type 2 diabetes among grandparents and the siblings of 
parents as indicators of a positive family history. The use of oral contraceptives 
was also obtained from the medical history. This study was approved by the 
Committee for Human Research at the University of Vermont and each participant 
gave written informed consent before the beginning of the study. 
Overview of protocol. Each participant was first invited to a screening visit dur- 
ing which an oral glucose tolerance test (OGTTj. medical history, physical exam- 
ination, maximum oxygen consumption test, and complete blood chemistry and 
profile were performed. Two weeks later, participants were invited for an 
overnight visit to the General Clinical Research Center (GCRC) at the University 
of Vermont. For 3 days before the overnight visit, participants were provided with 
standardized diets prepared by the metabolic kitchen at the GCRC. containing 55% 
carbohydrates. 25% fat. and 20% protein. During the afternoon of admission, we 
administered doubly labeled water and conducted body composition and body 
fat distribution measurements. The following morning, the hyperinsulinemic- 
euglycemic clamp was performed. Subjects returned to the GCRC 10 days later 
to provide the final two urine samples to conclude the doubly labeled water 
measurement. 
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Measurements 
Glucose tolerance. Ant>GTT .n< performed in the morning after an overnight 
fast. A Teflon catheter was placed into an antecubital vein, and baseline samples 
for the measurement of insulinemia and glycemia «'ere drawn. Thereafter, a 
standard glucose loaclf 1.33 g. kg of body mass) was given orally i Ensure Plus: Ross 
Laboratories. Columbus. (iff). Samples for repeated measurement of glycemia and 
insulinemia were then taken 1-0 min after baseline. 
Body composition. We measured body composition by dual energy X-ray 
absoipriometry! Lunar DPX-L. Madison. WT). as previously described 14). Tlie sub- 
jects were instnicted to lay supine on a padded table «1th all metal objects 
removed. A total body scan takes -30 mm. This method uses a three-compartment 
model of body composition and provides an estimate of fat mass, fat-free mass 
(FFM). and bone mineral density. We analyzed all scans by the Lunar DPX-L 
extended analysis software, version 1.3. The test-retest reproducibiliry for body 
fat is 1.7"o (six females! in our laboratory. 
Body fat distribution. We measured body fat distribution by computed tomog- 
raphy (CT) using a General Electric High Speed Advantage CT Scanner (.GE 
Medical Systems. Milwaukee. WI). as previously suggested by Sjostrom et al. (5) 
and reported by our laboratory (6). Visceral and subcutaneous abdominal fat accu- 
mulation was assessed at the level of L,-L-, intervertebral space. Scan position for 
the abdominal level was established using a scout \iew. positioning the scanner 
within the desired intervertebral space. The scans were 5 mm in thickness and 
performed at 120 kV and 220 mA. Visceral and subcutaneous adiposity was quan- 
tified by delineating the visceral cavity using the trace function and excluding the 
retroperitoneal area The boundary was established at the innermost aspects of 
the abdominal and oblique muscle walls. Subcutaneous adipose tissue was 
selected as the area remaining between the visceral boundary and the skin. 
Retroperitoneal fat was excluded from both the subcutaneous and visceral adi- 
pose tissue areas. Adipose tissue was selected by the software at an attenuation 
range of -190 to -30 Hounsfield units. The visceral cavity was assessed using the 
"mask" function and then the subcutaneous area using the "contour" feature. The 
same individual analyzed all scans, and the interclass correlation for repeated 
analysis of 10 scans was 0.99 in 10 women. 
Cardiorespiratory fitness. Maximum aerobic capacity (Vo.^) was deter- 
mined from an incremental exercise test on a treadmill to exhaustion, as previously 
described (7). After an initial 3-min warm-up. the speed was set so that the heart 
rate would not exceed 70% of the age-predicted maximum heart rate [220 - age 
(years)]. Thereafter, the speed was held constant, and the grade was increased by 
2.5% every 2 min. The criteria for achieving a Vo.^^ were 1) a respiratory exchange 
ratio >1.0, 2) a heart rate at or above the age-predicted maximum, and 3) no fur- 
ther increase in oxygen consumption with an increasing workload. At least two of 
these criteria were reached by all volunteers. Test-retest conditions for nine indi- 
viduals (on two occasions tested I week apart) yielded an intraclass correlation 
of 0.94 and a coefficient of variation of 3.8% in our laboratory. 
Physical activity energy expenditure. We used doubly labeled water in 
combination with indirect calorimetry to measure free-living physical activity 
energy expenditure (PAEE). Total daily energy expenditure (TEE) was deter- 
mined over a 10-day period. Each subject was dosed with a 1 g/kg body mass of 
WX) using the method of Schoeller and van Santen (8), as previously described 
(9). Briefly, a baseline urine sample was collected before dosing. The following 
morning, two additional urine samples were collected, and two more samples 
were collected 10 days later. Urine samples were stored frozen in vacutainers at 
-20°C until analyzed for JH and "O enrichments by isotope ratio mass spec- 
trometry. lsO isotopic enrichment was determined from the carbon dioxide 
(CO,) equilibration technique, and "H enrichment was determined by the zinc cat- 
alyst method (10). Daily rate of CO, production (mol/day) was calculated using 
the equation of Speakman et al. (11): rC02 = N/2.196 x (cOkO - ''rlTT), where N 
is the total body water pool, kO and ''H are the elimination rates of l80 and -H trac- 
ers from the body, and 'O and CH are the dilution spaces for 1S0 and -H tracers, 
as recommended by Racette et al. (12). Assuming a respiratory quotient of 0.85 
for the food consumed (13), total C02 production was converted to TEE (kj/day) 
using the formula by Weir (14). 

Resting metabolic rate (RMR) was determined from 45 min of indirect 
calorimetry using the ventilated hood technique, as previously described (15). Res- 
piratory gas analysis was performed using a Deltatrac metabolic cart (Sen- 
sormedics, Yorba Linda, CA). RMR (kJ/day) was calculated from the equation by 
Weir (14). Assuming a thermic effect of feeding of 10% (16), total PAEE was then 
calculated from the equation: PAEE = [(TEE x 0.90) - RMR]. That is, PAEE rep- 
resents the energy expenditure accumulated above basal levels, which include voli- 
tional and nonvolitional activities. We have previously reported an intraclass 
correlation of 0.90 and a coefficient of variation of 4.3% for the measurement of 
RMR in 17 older volunteers from two different occasions tested 1 week apart. 
Insulin sensitivity. We measured insulin sensitivity by the hyperinsulinemic- 
euglycemic clamp technique, as proposed by DeFronzo et al. (17). Briefly, a 
Teflon catheter was inserted into the antecubital vein for the infusions of insulin 

and dexrro«e. .Another Teflon catheter «'as retrogradrly placed into the dorsal vein 
of the contralateral hand and used for the blood draws during the damp proce- 
dure. This hand was placed in a "hot box" and warmed to 70'C for anrnalization 
of blood. At time 0 min. a continuous infusion of insulin «as started at a constant 
rate of 240 pmol m"- ■ min'-. At the same rime, a variable infusion of 20' dextrose 
was started to maintain fasting glycemia -5V Blood samples for glucose meas- 
urement were taken even,' 5 minutes for insulin measurements at -30. -It), i). 30. 
liO. 70, 90. 105. and 120 min of the clamp. The insulin levels attained during the 
last 30 min of the clamp (minute 90-120) were 75 ♦ 23 ul'nil imean - SDV 
Insulin-stimulated glucose disposal rate (.1/ value) was calculated as the average 
glucose infusion rate (mg-min) during the last 30 min of the 120-mm clamp, 
adjusted for the total distribution volume of glucose (250 ml "kg). Hepatic glucose 
production has previously been shown to be fully suppressed, with the insulin dose 
used in our study to induce hypennsulinemia (18). 
Dietary intake. Dietary intake was measured for 3 days (one weekend and two 
weekdays), as previously described (19). Participants were instructed by a reg- 
istered dietitian and encouraged to maintain their usual diet. Moreover, they 
were provided with dietary scales and measuring cups and spoons to further 
increase precision of obtained data. Diets were analyzed using the Nutritionist 111 
software version 4.0 (N-Squared Computing, Salem. OR). 
Blood pressure. Blood pressure was determined during the screening visit at the 
GCRC using a Dinamap automatic cuff machine (Critikon. Tampa. FL). as previ- 
ously described (20). Subjects rested in the sitting position for 10 min and then 
the measurement was taken from their right arm. Appropriate cuff size was 
selected based on arm circumference. 
Biochemical analyses. Plasma glucose concentrations were measured using 
the glucose oxidase method with an automated glucose analyzer (YSI Instruments, 
Yellow Springs, OH). Serum insulin was measured by a double antibody radioim- 
munoassay (Diagnostics Products, Los Angeles, CA). Plasma cholesterol, triglyc- 
eride, and HDL cholesterol concentrations were determined from standard enzy- 
matic techniques at the Centers for Disease Control accredited laboratory of the 
Fletcher Allen Medical Center. Interassay coefficient of variation for the meas- 
urement of total and HDL cholesterol was 3.35 and 1.15%. respectively. LDL cho- 
lesterol was determined from the equation by Friedewald et al. (21). 
Statistical analysis. To identify women classified as having impaired insulin sen- 
sitivity, we used a glucose disposal cut-point value of 8.0 mg • min"1 ■ kg"' of FTM. 
based on previous data (22). Women with a glucose disposal rate greater than the 
cut-point value were classified as having normal insulin sensitivity and those 
women with values below the cut point as having impaired insulin sensitivity. The 
rationale for using glucose disposal as the criterion method to categorize indi- 
viduals as normal or MONW is based on the notion that resistance to insulin-stim- 
ulated glucose uptake is suggested as a common pathogenic mechanism for 
type 2 diabetes, hypertension, and. ultimately, CVD (23,24). Differences in depen- 
dent variables between the groups (MONW vs. normal) were examined using an 
independent t test. Differences between groups in cardiorespiratory fitness «ere 
examined using analysis of covariance, with body weight as a covariate (7). 
Given the unequal sample size between groups, we examined the equality of 
variances in each variable using Levene's test. When the variances were unequal 
(HDL cholesterol and glucose disposal adjusted per kilogram of FFM). a P value 
based on Satterthwaite's (25) approximation for the degrees of freedom was 
used. A x1 test was used to compare the differences between the groups for the 
family history of diabetes and use of oral contraceptives. All values are reported 
as means ± SD. Significance was accepted atP < 0.05. Data were analyzed using 
the SPSS statistical software (Version 7.5.1, SPSS, Chicago). 

RESULTS 

Table 1 shows glucose disposal values and anthropometric 
variables for the normal and MONW groups. By design, the 
MONW women showed a lower absolute and adjusted (per 
kilogram of FFM) insulin-stimulated glucose disposal rate. 
The groups were similar with respect to age, BMI, body 
mass, FFM, and appendicular fat mass. Women classified as 
MONW, however, showed a greater total fat mass (P < 0.05), 
body fat percentage (P = 0.01), truncal fat (P = 0.02), and sub- 
cutaneous (P < 0.05) and visceral (P < 0.05) abdominal adi- 
posity than women with normal insulin sensitivity. 

We found no differences between groups in cardiorespira- 
tory fitness on an absolute or adjusted basis (Table 2). On the 
other hand, we found a lower PAEE in the MONW women 
compared with normal women (P < 0.001, Table 2). No dif- 
ferences between groups were found for systolic or diastolic 
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TABLE 1 
Comparison of glucose disposal and anthropometric variables 
between women with impaired (MONW) and normal insulin sen- 
sitivity 

Variable MONW Normal P 
value 

n 13 58   

Age (years) 29 ±3 28 ±4 0.97 
Glucose disposal (mg/min) 250 ± 65 444 ±112 0.001 
Glucose disposal 6.5 * 1.7 11.0 ±2.2 0.001 

(mg • FFM"1 ■ min"1) 
BMI (kg/m2) 22.5 ± 2.0 21.5 ±2.0 0.08 
Bodv mass (kg) 60.1 ±8.9 58.4 ± 6.9 0.42 
FFM (kg) 38.9 ± 5.1 40.3 ± 4.0 0.28 
Fat mass (kg) 18.4 ± 5.2 15.3 ±4.4 0.03 
Body fat (%) 31.8 ± 5.9 27.4 ± 5.5 0.01 
Appendicular fat (kg) 8.9 ± 2.6 8.0 ± 2.3 0.23 
Truncal fat (kg) 8.2 ± 2.6 6.5 ± 2.4 0.02 
L4-L5 subcutaneous fat 213 ±61 160 ± 78 0.03 

area {ever) 
L,-L5 visceral fat area (cm2) 44 ±16 35 ± 14 0.046 

Data are means ± SD. To identify women classified as having 
impaired insulin sensitivity, we used a glucose disposal cut-point 
value of 8.0 mg • min"1 • kg"1 of FFM, based on the data pre- 
sented by Beck-Nielsen and Groop (22). 

blood pressure, family history of diabetes, or the use of oral 
contraceptives (Table 2). Furthermore, we found no differ- 
ences in total energy intake (8.28 vs. 8.32 MJ/day); percent 
intake of carbohydrate (53 vs. 56%), fat (33 vs. 30%), and pro- 
tein (13 vs. 14%); and percent fat intake from saturated fat (36 
vs. 34%) between the MONW and normal group, respectively. 

In Table 3, we present the results of the OGTT and serum 
lipid profile. The MONW group showed a higher fasting (P = 
0.03) and 2-h postload insulin (P < 0.001), 2-h postload glucose 
(P < 0.01), and total serum cholesterol (P < 0.01) than the nor- 
mal group. We found no differences between groups in fast- 
ing serum glucose, HDL cholesterol, total-to-HDL cholesterol 
ratio, LDL cholesterol, or fasting triglycerides. 

DISCUSSION 
To our knowledge, this is the first study to comprehensively 
examine the phenotypic characteristics associated with the 
MONW syndrome in young women. Based on our approach, 

we found that 18% of our population was classified as having 
impaired insulin sensitivity, despite having normal body 
weight and BMI. Furthermore, young MONW women with 
impaired insulin sensitivity showed a cluster of risky pheno- 
typic characteristics, including low PAEE and increased total 
and visceral adiposity. 

The incidence of obesity and type 2 diabetes is increasing 
among women (26), which places them at high risk for the 
development of insulin resistance and associated comor- 
bidities (27). Given that the deleterious consequences of 
compensatory hyperinsulinemia (i.e., microangiopathy, 
hypertension, and CVD) are present at the time of diagnosis 
of overt type 2 diabetes (28), a clear medical need exists to 
identify markers for early detection of these individuals 
before the onset of an established disease process. 

We classified individuals above and below a glucose dis- 
posal cut point of 8 ml • min"1 • kg"1 of FFM. The use of glu- 
cose disposal to subdivide young women into normal and 
MONW groups is based on the notion that a decrease in 
insulin sensitivity may be a common pathogenic mechanism 
in the development of type 2 diabetes, hypertension, and 
CVD (23,24). Although this cut point may be considered 
somewhat arbitrary, women who were classified as having 
impaired insulin sensitivity (based on hyperinsulinemic- 
euglycemic clamp) also displayed an altered response to oral 
glucose load (Table 2). Furthermore, the chosen cut point was 
based on previous multicenter data (22) that examined 
insulin sensitivity data from a large sample of individuals. We 
were somewhat surprised that 18% (n = 13) was categorized 
as having impaired insulin sensitivity. This finding supports 
the hypothesis by Ruderman et al. (2) regarding the rela- 
tively high prevalence of individuals with impaired insulin sen- 
sitivity in apparently healthy normal-weight individuals. This 
finding prompted us to examine several obesity-related phe- 
notypic characteristics that have been implicated in the 
development of impaired insulin sensitivity. 

In the present study, we found that women with impaired 
insulin sensitivity were characterized by a higher body fat 
percentage and fat mass than women with normal insulin 
sensitivity, despite no difference in body mass or BMI 
between groups. This suggests that even small increases in 
body fatness (2-3 kg) within a normal range of BMI nega- 
tively affect insulin sensitivity. Indeed, in our cohort, the 
incidence of impaired insulin sensitivity reached almost 40% 
among women with a body fat percentage >30%. Therefore, 

TABLE 2 
Comparison of cardiorespiratory fitness, PAEE, blood pressure, oral contraceptives, and incidence of family history of diabetes 
between women with impaired (MONW) and normal insulin sensitivity 

Variable MONW Normal P value 

n 13 58 — 

Vo.,max (ml/min) 2.228 ± 509 2,297 ± 426 0.61 
Adjusted Vo.,max (ml/min)* 2,197 ±396 2,304 ± 395 0.38 
PAEE (MJ/day) (n) 2.66 ± 0.92 (9) 4.39 ± 1.50 (41) 0.01 
Systolic blood pressure (mmHg) 118 ±12 118 ± 14 0.99 
Diastolic blood pressure (mmHg) 69 ±8 68 ± 10 0.73 
Family history of diabetes (%) (yes/no) 31 (4/9) 32 (14/44) 0.53 
Use of oral contraceptives (%) (yes/no) 60 (8/5) 47 (27/31) 0.33 

Data are means ± SD or %. * Adjusted for kilogram of body weight, as previously described (7). 
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TABLE 3 
Comparison of OGTT and blood lipid values between women 
with impaired (MOW) and normal insulin sensitivity 

Variable MONW Normal    P value 

n 13 
Fasting glucose (mmol/1) 4.4 = 0.4 
2-h postload glucose 5.7 ± 1.1 

(mmol/1) 
Fasting insulin (pmoLl) 60 ± 20 
2-h postload insulin (pmol/1) 4SI ± 259 
Total cholesterol (mmol/1) 5.3 ± 0.9 
HDL cholesterol (mmol/1) 1.7 ± 0.5 
Total-to-HDL cholesterol 3.3 ± 0.9 
LDL cholesterol (mmol/1) 3.1 ± 0.9 
Triglycerides (mmol/1) 2.4 ±0.7 

4.4 ± 0.3 0.S0 
4.6=1.1 0.003 

49 ± 15 0.03 
281 ± 186 0.001 
4.5 * 0.7 0.003 
1.5 ± 0.3 0.15 
3.3 ± 0.8 0.91 
2.7 ± 0.8 0.14 
2.4 ± 1.0 0.93 

Data are means ± SD. 

we suggest that young women with a BMI <26 but with a 
body fat percentage >30% are probably at a higher risk for 
impaired insulin sensitivity and a potentially early onset of 
type 2 diabetes, hypertension, and CVD. Our findings thus 
support the notion that BMI is a poor marker to identify 
women at risk for the development of insulin resistance and 
associated comorbidities. 

The question as to whether body fat topography is "path- 
ogenic" with respect to insulin sensitivity and type 2 diabetes 
is controversial (29). For example, some investigators found 
that abdominal subcutaneous adiposity is a stronger predic- 
tor of insulin sensitivity than visceral adiposity in middle- 
aged men and women (30) and in pre-menopausal women 
(31). On the other hand, others (32,33) reported that visceral 
adiposity is the stronger determinant of insulin sensitivity in 
obese women. In the present investigation, young women with 
impaired insulin sensitivity showed significantly higher sub- 
cutaneous as well as visceral abdominal fat accumulation than 
women with normal insulin sensitivity. Despite the fact that 
the levels of visceral fat accumulation in the MONW group 
were well below the suggested critical threshold of 130 cm2 

(34), it is possible that even relatively low levels of visceral 
adiposity in the presence of higher levels of total body fatness 
have a deleterious impact on insulin sensitivity. Nonetheless, 
our findings suggest that in young nonobese women, both sub- 
cutaneous and visceral abdominal fat accumulation may be 
associated with impaired insulin sensitivity. 

Physical inactivity (35) and low cardiorespiratory fitness 
(36) have been implicated as important risk factors in the 
pathogenesis of type 2 diabetes. We found no differences in 
cardiorespiratory fitness between groups. This may be 
because only sedentary women were recruited for the study 
and thus limited our ability to find differences between the 
groups. On the other hand, we noted a significantly lower 
PAEE in the MONW group. To our knowledge, this is the 
first study that used a direct measurement of PAEE by the 
doubly labeled water methodology in the examination of risk 
factors for insulin resistance and CVD in free-living individ- 
uals. Previous investigations have reported an inverse rela- 
tionship between physical activity and incidence of type 2 dia- 
betes (37); however, physical activity levels were only esti- 
mated from a self-reported questionnaire, which has been 
shown to be inaccurate (38). These results suggest that 

PAEE. and not cardiorespiratory fitness, may be a more 
important predictor of impaired insulin sensitivity. We would 
suggest that PAEE probably influences insulin sensitivity and 
other CVD risk factors primarily through its effects on energy 
balance and body composition (39). That is. lower levels of 
PAEE found in the MONW group may favor a positive energy 
balance, especially because total daily energy intake was 
similar between the groups. Thus, low levels of PAEE may 
favor a greater increase in total and central adiposity in sus- 
ceptible individuals (40). 

Despite differences in other phenotypic characteristics 
between the MONW and normal groups, no differences were 
found in the total-to-HDL cholesterol ratio, fasting triglyc- 
erides, and LDL cholesterol. The cardioprotective effects of 
estrogen on plasma lipids has been well documented (41). 
Thus, it is possible that the presence of estrogen in these 
young women may exert a stronger influence on plasma 
lipids than differences in physical activity and adiposity. 

Our results have clinical implications for the detection and 
treatment of susceptible individuals for type 2 diabetes and 
CVD. The phenotypic features associated with impaired 
insulin sensitivity (increased body adiposity and low levels of 
physical activity) are generally responsive to lifestyle modi- 
fications such as dietary restriction and aerobic exercise 
training (39,42). Therefore, identification and early treatment 
of these individuals, particularly at younger ages before 
metabolic diseases become overt and established, would 
have a substantial public health value. It needs to be empha- 
sized, however, that our cross-sectional study cannot estab- 
lish a causative relationship. Further studies using exercise, 
dietary, or pharmacological interventions are needed to eval- 
uate whether the metabolic profile of MONW individuals can 
be normalized. 

In conclusion, we found that despite a normal body 
weight, a subset of young, apparently healthy women dis- 
played a cluster of risky phenotypic characteristics that may 
eventually predispose them to type 2 diabetes and CVD. 
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Effects of Resistance Training and Endurance Training 
on Insulin Sensitivity in Nonobese, Young Women: A 
Controlled Randomized Trial* 

ERIC T. POEHLMAN, ROMAN V. DVORAK, WALTER F. DENINO, 

MARTIN BROCHU, AND PHILIP A. AD ES 

Divisions of Clinical Pharmacology and Metabolic Research and Cardiology, Department of Medicine, 
University of Vermont College of Medicine, Burlington, Vermont 05405 

ABSTRACT 
We examined the effects of a 6-month randomized program of 

endurance training (n = 14), resistance training (n = 17), or control 
conditions (n = 20) on insulin sensitivity in nonobese, younger women 
(18-35 yr). To examine the possible mechanism(s) related to alter- 
ations in insulin sensitivity, we measured body composition, regional 
adiposity, and skeletal muscle characteristics with computed tomog- 
raphy. We observed no changes in total body fat, sc abdominal adipose 
tissue, or visceral adipose tissue with endurance or resistance train- 
ing. Insulin sensitivity, however, increased with endurance training 
(pre, 421 r 107; post. 490 = 133 mg/min; P < 0.05) and resistance 
training (pre, 382 T 87; post, 417 = 89 mg/min; P = 0.06). When the 
glucose disposal rate was expressed per kg fat-free mass (FFM), the 
improved insulin sensitivity persisted in endurance-trained (pre, 
10.5 ± 2.7; post, 12.1 i 3.3 mg/min-kg FFM; P < 0.05), but not in 
resistance-trained (pre, 9.7 ± 1.9; post, 10.2 i 1.8 mg/min-kg FFM; 

P = NS) women. Muscle attenuation ratios increased \P < 0.05) in 
both endurance- and resistance-trained individuals, but this was not 
related to changes in insulin sensitivity. Moreover, the change in 
insulin sensitivity was not related to the increased maximum aerobic 
capacity in endurance-trained women (r = 0.24; P = NS). We suggest 
that both endurance and resistance training improve glucose dis- 
posal, although by different mechanisms, in young women. An in- 
crease in the amount of FFM from resistance training contributes to 
increased glucose disposal probably from a mass effect, without al- 
tering the intrinsic capacity of the muscle to respond to insulin. On 
the other hand, endurance training enhances glucose disposal inde- 
pendent of changes in FFM or maximum aerobic capacity, suggestive 
of an intrinsic change in the muscle to metabolize glucose. We con- 
clude that enhanced glucose uptake after physical training in young 
women occurs with and without changes in FFM and body composi- 
tion. (J Clin Endocrinol Metab 85: 2463-2468, 2000) 

AEROBIC EXERCISE training can improve insulin sen- 
sitivity (1-4), whereas the role of resistance training 

to improve the metabolic profile has received less attention. 
As isometric contractions produce insulin-like effects on glu- 
cose uptake in isolated skeletal muscle (5), and skeletal mus- 
cle is the primary site of glucose disposal at euglycemia, it is 
reasonable to hypothesize that increasing skeletal muscle 
mass may be an effective intervention to improve insulin 
sensitivity. There is little information on the effects of resis- 
tance training on glucose disposal using clamp methodology 
in a controlled, randomized design. Moreover, investigators 
have tended to rely on nonrandomized studies and the use 
of oral glucose tolerance tests to estimate insulin sensitivity 
(6-9). 

To our knowledge, no study has directly compared the 
effects of endurance us. resistance training on insulin sensi- 
tivity using clamp methodology in women. This area of 
investigation is important because recent data show that 
despite having a normal body weight, a subset of young 
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women show a cluster of metabolic abnormalities that would 
predispose them to type 2 diabetes and related comorbidities 
if left untreated (10). The incidence of obesity and type 2 
diabetes is increasing among women (11), which places them 
at high risk for the development of insulin resistance and 
associated comorbidities (12,13). Clearly, preventive public 
health measures to prevent deterioration of the metabolic 
profile of younger women are needed before disease pro- 
cesses become established. 

To address this topic, we directly compared the effects of 
resistance training and aerobic training on insulin sensitivity 
using a controlled randomized trial. Moreover, to examine 
potential mechanism(s) regulating training effects on insulin 
sensitivity, we measured changes in body composition, vis- 
ceral fat, and skeletal muscle density using radiological im- 
aging techniques, as changes in these variables are thought 
to be related to altered glucose disposal (14-18). We hypoth- 
esized that endurance training would increase insulin sen- 
sitivity to a greater degree than resistance training in young 
women, and these changes would be associated with greater 
reductions in intraabdominal fat and increased skeletal mus- 
cle density. 

Subjects and Methods 

For inclusion in the study, subjects were required to be premeno- 
pausal and between 18-35 yr of age with a body mass index less than 
26. In addition, subjects had to be weight stable (±2 kg) and to have had 
no regular participation in exercise for 6 months before the study. Ex- 
clusion criteria included a history or evidence on physical examination 
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or testing of the following: 1) diabetes, 2) orthopedic limitations or 
history of pathological fractures, 3) hypertension (>160/90 mm Hg), 4) 
use of prescription or over the counter medications that could affect 
glucose metabolism (including insulin and oral hypoglycemic agents), 
5) smoking, or 6) alcohol consumption of more than 15 g alcohol/day. 
An oral glucose tolerance test was performed in all volunteers to de- 
termine glucose tolerance according to the criteria of the National Di- 
abetes Group (12) to exclude diabetics. This study was approved by the 
committee for human research at the University of Vermont, and each 
participant gave written informed consent before the beginning of the 
study. 

Overview of experimental protocol 

Subjects were recruited from local newspaper advertisements in the 
Burlington, VT, and the University of Vermont community. After de- 
termination of eligibility by telephone, volunteers were scheduled for 
the first screening visit. On the screening visit, an oral glucose tolerance 
test, medical history, physical examination, maximum oxygen consump- 
tion test, and complete blood chemistry and profile were performed. 
Two weeks later, participants were scheduled for an overnight visit to 
the General Clinical Research Center at the University of Vermont. For 
3 days before the overnight visit, participants were provided with stan- 
dardized diets prepared by the metabolic kitchen at the General Clinical 
Research Center containing 55% carbohydrate, 25% fat, and 20% protein. 
During the afternoon of admission, we conducted body composition and 
body fat distribution measurements using dual energy x-ray absorpti- 
ometry and computed tomography. The following morning, the hyper- 
insulinemic-euglycemic clamp was performed. After successful com- 
pletion of this testing sequence, volunteers were randomly assigned to 
the endurance exercise, resistance exercise, or control group. An iden- 
tical posttesting sequence was performed, and these tests were per- 
formed 4 - 1 days after the last exercise session. 

Recruiting and screening 

Based on our advertisements, 321 women were interviewed by tele- 
phone. Of these 321 women, 105 women consented to participate in 
screening procedures. Of these 105 women, 78 were deemed eligible and 
consented to participate in pretraining testing procedures. Of these 78 
women, 74 were Caucasian, 2 were of Asian descent, and 2 were of 
Hispanic origin. They were randomized to either endurance training, 
resistance training, or control conditions after completion of physiolog- 
ical testing. 

Exercise training programs 

All workouts were preceded by a 10-min warm-up, which consisted 
of stretching of the major muscle groups and slow walking around the 
track. All women were taught to monitor their heart rates (HR). HRs 
were verified with a Polar Heart Rate monitor (Polar Electro, Port Wash- 
ington, NY). The endurance-training program consisted of two parts: 1) 
weeks 1-16 were an endurance base-training phase; and 2) weeks 17-28 
were an interval-recovery phase. Women trained on 3 nonconsecutive 
days/week for 6 months (28 weeks) under the supervision of a personal 
trainer. 

The endurance base training consisted of four phases. The first phase 
(first 4 weeks) began with an exercise prescription of 25 min of slow 
jogging. Thereafter, the aerobic training program of each 4-week phase 
increased by 5 min. By the fourth phase (i.e. 16 weeks), women were 
jogging for approximately 40 min. Within the phases, the exercise in- 
tensity was increased by 5% of maximum HR (HR max) each week, so 
that bv the end of the fourth week of the fourth phase, the training was 
40 min at 90% of HR max. 

The second part (weeks 16-28) of the endurance training program 
used interval training sessions. Women followed a detailed program of 
specific workouts aimed at increasing exercise duration and intensity. 
The interval sessions consisted of 45 min of 80% HR max training on 
Monday, four 5-min periods at 95% HR maximum with 3-min rests on 
Wednesday, and 45 min at 75-80% of HR max on Friday. By the final 
week of training, women successfully completed 60-min sessions at 85% 
of HR max. 

Women randomized to resistance training exercised on 3 noncon- 

secutive days during the week {e.g. Monday, Wednesday, and Fridav) 
under the supervision of a personal trainer. Because of the need for test 
specificity, one repetition maximum (1-RM) evaluation of certain exer- 
cises used in the training program provided the most direct evaluation 
of the training gains made over the 6-month period. The 1-RM is defined 
as the maximum amount of resistance that can be moved through the 
full range of motion of an exercise for no more than one repetition. To 
determine the 1-RM, each subject initially performed three to five rep- 
etitions with the lightest weight possible to assure that proper technique 
was used. The trainer then selected a weight and asked the subject to 
perform the lift. After 3-4 min of rest, the next heaviest weight was 
selected, and the attempt was repeated until the subject could not com- 
plete the full lift. The same number of trials, time between trials, and 
order of exercises were used before and after training for the 1-RM test. 
Tests were administered before the start of the training program, mid- 
way through the program, and after the exercise program. The following 
exercises were evaluated for 1-RMs: leg press, bench press, military 
press, and seated rows. 

Training was approximately 80% of 1-RM. Each training session 
included a warm-up of low intensity cycling for 5 min, followed bv 10 
min of static stretching of all of the major muscle groups used in training. 
Each exercise session was individually monitored for optimal progres- 
sion by two trainers. The resistance program consisted of the following 
exercises: 1) leg press, 2) bench press, 3) leg extensions, 4) shoulder press, 
5) sit-ups, 6) seated rows, 7) tricep extensions, 8) arm curls, and 9) leg 
curls. The exercises provided a total body resistance training program 
for all of the major muscle groups of the body. The volunteer was given 
a target load range and attempted to keep each set (n = 3) within the 
target range by adjusting the load to ailow the prescribed number (n = 
10) of repetitions. Resting periods were 1-1.5 min between sets. 

During the conduct of the training programs, 28 women dropped out 
of the study, yielding a dropout rate of 36%. The reasons for dropouts 
included 1) noncompliance with training (n = 18), 2) relocation (n = 3), 
3) injury related to endurance training (n = 3), 4) refused posttesting (n = 
2), 5) health problems not related to training (n = 1), and 6) pregnancy 
(n = 1). Thus, 51 women (17 resistance, 14 endurance, and 20 control) 
satisfactorily completed all pre- and posttesting procedures and the 
6-month training program. The exercising women successfully com- 
pleted 90% of all exercise-training sessions. Oral contraceptive use was 
47% in resistance-trained women (8 of 17), 50% in endurance-trained 
women (7 of 14), and 50% in controls (10 of 20). 

Body composition and adipose tissue distribution 

Fat mass and fat-free mass (FFM) were measured by dual energy- 
x-ray absorptiometry using a DPX-L densitometer (Lunar Corp., Mad- 
ison, WI) as previously described (19). All scans were analyzed using the 
Lunar Corp. version 1.3 DPX-L extended analysis program for body 
composition. The test-retest coefficient of variation for this measurement 
was 1.2% for fat mass and 2% for FFM, respectively. 

Visceral and sc adipose tissue areas were measured by computed 
tomography with a GE High Speed Advantage CT scanner (General 
Electric Medical Systems, Milwaukee, WI) as previously described (19). 
Subjects were examined in the supine position with both arms stretched 
above the head. The scan was performed at the L4-L5 vertebrae level 
using a scout image of the body to establish the precise scanning po- 
sition. Visceral adipose tissue area was quantified by delineating the 
intraabdominal cavity at the internal most aspect of the abdominal and 
oblique muscle walls surrounding the cavity and the posterior aspect of 
the vertebral body with the computer interface of the scanner. Adipose 
tissue was highlighted and computed using an attenuation range from 
-190 to -30 Hounsfield units (HU) (20). The sc adipose tissue area was 
quantified by highlighting adipose tissue located between the skin and 
the external-most aspect of the abdominal muscle wall. The same indi- 
vidual analyzed all scans, and the intraclass correlation for repeated 
analysis of 10 scans was 0.99 in 10 women. Computed tomography was 
also used to measure cross-sectional areas of midthigh muscle and 
adipose tissue and to characterize muscle attenuation. With the subject 
supine, a 5-mm cross-sectional scan of both legs was obtained, located 
at the midpoint between the anterior iliac crest and the top of the patella. 
In image analysis, areas of adipose tissue and skeletal muscle were 
measured by selecting the following region of interest defined by at- 
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ter.uation values: 
muscle. 

to - "■' HL' tor adipose tissue and 0-100 HL" tor        Statistical analysis 

Cardiorespiratory fitness 

Maximum aerobic capacity iVO; ,.„ was determined from an in- 
cremental exercise test on a treadmill to ■- olitional exhaustion, as pre- 
viously described i21. 22i. After an initial 3-nun warm-up, the speed was 
held constant, and the grade '.\.is increased by 2.5'.. everv 2 min. The 
criteria for achieving a VO: ... '.-.ere 1 .■ a respiratory exchange ratio 
greater than 1.0, 2l a HR at or above the age-predicted maximum, and 
31 no further increase in owgen consumption with an increasing work- 
load. At least two of these criteria were met bv all volunteers. Test-retest 
conditions for nine individuals (on two occasions, tested 1 week apart) 
vielded an intraclass correlation of 0.94 and a coefficient of variation of 
3.8"o in our laboratory. 

Insulin sensitivity 

We measured insulin sensitivity by the hyperinsulinemic-euglycemic 
clamp technique as described by DeFronzo et al. (23) and as previously 
reported in our laboratory (10,24). Briefly, a Teflon catheter was inserted 
into the antecubital vein for the infusions of insulin and dextrose. An- 
other Teflon catheter was retrogradely placed into the dorsal vein of the 
contralateral hand and used for the blood draws during the clamp 
procedure. This hand was placed in a hot box and warmed to 50 C for 
arterialization of blood. At 0 min, a continuous infusion of insulin was 
started at a constant rate of 40 mU/m: body surface area-min. At the 
same time, a variable infusion of 20% dextrose was started to maintain 
fasting glvcemia at r5% (80 r 4.4 mg/ dL in endurance-trained women, 
80 = 6.4 mg/dL in resistance-trained women, and 81 r 6.2 mg/dL in 
controls). Blood samples for glucose measurement were taken every 5 
min for insulin measurement at -30, -10, 0, 30, 60, 70, 90, 105, and 120 
min of the clamp. The insulin levels attained during the last 30 min of 
the clamp (90-120 min) before training were 75 ± 23 xtli/mL in en- 
durance-trained women 74 r 21 iiU/mL in resistance-trained women, 
and 76 T 20 iiU/mL in controls (P = N'S). After training, insulin levels 
were 76 = 28 /xU/mL in endurance-trained women, 72 ± 22 /iU/mL in 
resistance-trained women, and 75 ± 23 /xU/mL in controls (mean ~ SD). 

The insulin-stimulated glucose disposal rate (M-value) was calculated as 
the average glucose infusion rate (milligrams per min) during the last 
30 min of the 120-min clamp. Hepatic glucose production has previously 
been shown to be fully suppressed with the insulin dose used in our 
study to induce hyperinsulinemia (25). 

Biochemical analyses 

Plasma glucose concentrations were measured using the glucose ox- 
idase method with an automated glucose analyzer (YSI, Inc., Yellow 
Springs, OH). Serum insulin was measured by a double antibody RIA 
(Diagnostics Products, Los Angeles, CA). The coefficient of variation for 
glucose measurement using the glucose oxidase method is less than 
1.9%. The coefficient of variation for serum insulin measurement by the 
doublv antibody RIA method is less than 5%. 

Differences in physical characteristics among groups at baseline 'A tfre 
examined using a one-wav AXOVA. A 2 '< 3 repeated measures 
AN'OVA was used to detect changes with time within the treatment 
condition (pre; post) and among groups (endurance :■<. resistance >, 
control). The repeated measures factor was the repeated tests during the 
exercise programs. Pearson product-moment correlation coetncients 
were used to examine the association between variables. Significance 
was accepted at P < 0.05. 

Results 

Table I shows physical characteristics tor endurance-train- 
ing, resistance-training, and control subjects before and after 
training. There were no differences among the three groups 
in baseline physical characteristics, suggesting a successful 
randomization. As expected, endurance-trained individuals 
increased their absolute VO:max by 29% (P < 0.01), whereas 
no changes were noted in resistance-trained and control sub- 
jects. Similar results were obtained when V02max data were 
expressed per kg BW. Body weight and body mass index in- 
creased in resistance-trained individuals (both P < 0.05) relative 
to those in the other two groups. Fat mass, as measured by dual 
energy x-ray absorptiometry, showed no change in endurance- 
trained, resistance-trained, or control women. FFM showed no 
change in endurance-trained women or controls, but increased 
in resistance-trained women (2 kg; P < 0.001). As expected, 
resistance-trained individuals increased their 1-RM for leg 
press (29%), bench press (39%), military press (29%), and seated 
rows (27%; data not shown in table form). There was no increase 
in V02 max in the resistance-trained group, and there was no 
change in strength in the endurance-trained group. 

Figure 1 shows pre- and posttraining values for absolute 
values of insulin sensitivity and indexed per kg FFM. Insulin 
sensitivity increased in both endurance-trained (pre, 421 r 
107; post, 490 ± 133 mg/min; P < 0.05) and resistance-trained 
(pre, 382 ± 87; post, 417 ± 89 mg/min; P = 0.06) women, with 
no change in controls (pre, 470 ± 139; post, 480 ± 168 mg/ 
min). When data were expressed per kg FFM, the improve- 
ment in glucose disposal persisted in endurance-trained 
women (pre, 10.5 ± 2.7; post, 12.1 ± 3.3 mg/kg FFM-min; P < 
0.05), whereas no significant change was noted in resistance- 
trained (pre, 9.7 ± 1.9; 10.2 ± 1.8 mg/kg FFM-min) and 
controls (pre, 11.4 ± 2.8; post, 11.8 ± 3.5 mg/kg FFM-min). 
The improvement in VOz max was not related (r = 0.02; P = 

TABLE 1. Changes in characteristics of younger women before and after training 

stic 
Endurance training (n = 14) Resistance training (n = 17) Control (n = 20) 

Physical character] 
Pre Post Pre Post Pre Post 

Age (yr) 
V02max (L/min) 
Ht (cm) 
BW (kg) 
BMI (kg/m2 

DEXA measures 
Fat mass (kg) 
Fat-Free mass (kg) 

29 ±5 
2.1 ± 0.5 
163 ±5 
59 + 5 
22 ±2 

16 ±5 
40 ±4 

2.7 ± 0.5° 

59 ±5 
22 ±2 

15 ±4 
40 ±4 

28 ±3 
2.1 ± 0.4 
164 ±7 

58 ±6 
22 ±2 

16 ±4 
39 ±4 

2.2 ± 0.3 

60 ±6* 
23 ±2* 

17 ±4 
41 ±3" 

28 ±4 
2.2 ± 0.5 
165 ±7 
60 ±7 
22 ±2 

17 ±6 
39 ±4 

2.3 ± 0.4 

61 ±8 
22 ±2 

17 ±6 
40 ±3 

Values are the means i SD. BMI, Body mass index; Pre/Post, 6 months of endurance or resistance training. 
" P < 0.001. 
* P < 0.05. 
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FIG. 1. Changes in insulin sensitivity before and after endurance 
training and resistance training and in control conditions. A, Values 
expressed on an absolute basis; B, values indexed per kg FFM. Values 
are the mean r SE. *, P < 0.05. 

NS) to increased insulin sensitivity in the endurance-trained 
group. 

Table 2 shows changes in abdominal adiposity, thigh ad- 
ipose content, and lean tissue content before and after train- 
ing. As expected for nonobese young women, baseline areas 
of sc adipose tissue and visceral adipose tissue were low. No 
significant changes were noted in sc or visceral adipose tissue 
in any group, as measured by computed tomography. Skel- 
etal muscle characteristics, as estimated from computed to- 
mography, are also shown in Table 2. We estimated quan- 
tities of midthigh fat area, thigh muscle area, and muscle 
attenuation values because of their reported relationship to 
insulin sensitivity (14,15). Midthigh fat and muscle areas did 
not change in response to endurance or resistance training. 
On the other hand, we noted an altered composition in com- 
puted tomographic imaging in terms of higher mean atten- 
uation values (HU) for both endurance-trained (P < 0.05) and 
resistance-trained (P < 0.001) individuals, suggesting a re- 
duction in skeletal muscle lipid content. Changes in muscle 
attenuation in endurance-trained and resistance-trained in- 
dividuals, however, were not related (r = 0.24; P = NS) to 
improved insulin sensitivity. 

Discussion 

Insulin resistance is linked with physical inactivity, increased 
visceral fat, and alterations in skeletal muscle characteristics. 
Moreover, we have shown the presence of these obesity-related 
phenotypes even in normal weight, apparently healthy, young 
women (10). Thus, interventions to improve or prevent the 
deterioration of the metabolic profile in this population have 
significant public health interest. The major findings are that 
both endurance and resistance training improve glucose dis- 
posal in young women, although by different mechanisms. An 
increase in the quantity of FFM from resistance training con- 
tributes to increased glucose disposal, probably from a mass 
effect, without altering the intrinsic capacity of the muscle to 
respond to insulin. On the other hand, endurance training en- 
hances glucose disposal independent of changes in FFM, fat 
mass, or V02max, suggestive of an intrinsic change in the ability 
of the muscle to metabolize glucose. 

Our experimental and methodological approaches lend 
credibility to our findings. Volunteers were randomly as- 
signed to treatment conditions to control for known and 
unknown sources of experimental bias and subject self- 
selection. Moreover, the use of a control group decreases the 
influence of a placebo effect, and the application of eugly- 
cemic/hyperinsulinemic clamps and radiological imaging 
techniques provide direct measures of insulin sensitivity, 
body composition, and regional fat. 

We originally hypothesized that endurance training 
would improve insulin sensitivity to a greater degree than 
resistance training due to a greater reduction in total fat and 
visceral fat. The physiological basis underlying our hypoth- 
esis is derived from several lines of evidence. First, endur- 
ance training may preferentially reduce visceral fat (26). Sec- 
ond, lower levels of visceral fat are associated with higher 
levels of insulin sensitivity and an improved metabolic pro- 
file (14-17, 27, 28). This hypothesis, however, was only par- 
tially supported by our findings in the present investigation. 
That is, endurance training improved insulin sensitivity to a 
greater degree than resistance training when expressed on an 
absolute basis or indexed per kg FFM. However, no change 
in total body fat, intraabdominal fat, or sc abdominal fat was 
found in endurance-trained women. Although it has been 
suggested that exercise training leading to a reduction in 
body fat is a prerequisite to improve glucose disposal (29), 
our findings as well as others (30) refute this assertion. Our 
results suggest that a vigorous program of endurance train- 
ing improves glucose disposal independent of a reduction in 
total and regional body fat in nonobese young women. 

It is possible that the volume of endurance exercise used 
in this study was inadequate to significantly modify total 
or regional body fat in young women who are not re- 
stricting energy intake. Indeed, it is possible that increased 
energy expenditure is compensated for by a greater energy 
intake, thus blunting any detectable change in total or 
regional body fatness (31, 32). Another potential reason 
underlying the absence of changes in body fatness is the 
potential of a ceiling effect. That is, it is difficult to reduce 
total or visceral fat in young women whose baseline levels 
are already low. This concept is supported bv the findings 
of Wilmore and colleagues (33). They found only a small 
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TABLE 2. Changes in abdominal adiposity, thigh adipose, and lean tissue content in younger women before and after training 

Physical characteristic 
Endurance trainin g'n = 14' Resistance training ■ n = 1T ■ Control   n = '20' 

Pre Post Pre Post Pre Post 

CT scan measures 
SAT area   L4-L5. crrr1 194 z 66 193 z 80 1S6 z 74 136 z 35 147 z 66 210 = 95 
VAT area ' L4-L5. crrr 40 z 11 41 z 13 36 z 17 36 = 13 36 z 13 41 z 15 
Thigh fat area  era" 98 = 34 90 z 24 108 = 32 102 = 38 93 z 29 101 z 31 
Thigh muscle area  cm" 108 = 11 114 z 14 109 - 19 115 z 16 119 = 16 113 z 17 
Muscle attenuation ■ HU'< 49 = 3 51 z r 50 z 2 52 z 1" 43 = 2 48 z 2 

Values are the means z sD. 
" P < 0.05. 

reduction in intraabdominal fat (-3.1 ± 0.7 cm2; mean ± 
SE) in 299 overweight young women after an endurance 
training program similar to the one conducted in this 
investigation. This small decrement in intraabdominal fat, 
compared to the absence of changes in our study, probably 
reflects their greater baseline intraabdominal values in 
their overweight cohort (67 - 45 cm2) compared to our 
nonobese women (40 ± 11 cm2). Unfortunately, no mea- 
sure of insulin sensitivity was reported in their investi- 
gation, thus rendering the effects of a reduction in intra- 
abdominal fat on insulin sensitivity unknown. It is likely 
that the volume of physical activity performed in the 
present study may be more beneficial in preventing in- 
creases in total and regional fat with advancing age rather 
than in promoting fat loss (34, 35). 

As insulin-mediated glucose disposal occurs mainly in mus- 
cle, one would hypothesize that an increase in the skeletal 
muscle mass component of FFM would augment glucose dis- 
posal. Our data support this suggestion, as the absolute change 
in glucose disposal (milligrams per min) was related to the 
increase in FFM (r = 0.48; P < 0.05) after resistance training. 
There was no change, however, in glucose disposal when in- 
dexed per kg FFM. We interpret this finding to suggest that 
improved insulin sensitivity probably reflects a mass effect 
without altering the intrinsic capacity of the muscle to respond 
to insulin. The failure of resistance training to enhance insulin 
sensitivity per kg FFM could be due to the inability of resistance 
exercise to increase muscle capillary density (36) or to change 
muscle fiber types in an insulin-sensitive direction (37). 

It is likely that the timing of our insulin sensitivity 
values measured relative to the last bout of exercise (4 ± 
1 days) may partially reflect a detraining response on 
insulin sensitivity. That is, insulin sensitivity decreases as 
a function of time once the individual stops endurance 
training. We would suggest, however, that our selection of 
the time period to measure insulin sensitivity was rea- 
sonable, given that previous studies (30, 38, 39) showed a 
sustained effect of exercise training on insulin sensitivity 
measured 4-7 days after the last exercise bout. The mag- 
nitude of increase in resistance-trained (9%) and endur- 
ance-trained (16%) individuals was comparable to the 11% 
and 13% increases reported by Hughes and colleagues (30) 
and Tonino (38), respectively. These increases in glucose 
disposal, however, are less than those reported by other 
investigators (24-28%) (40,41) who measured insulin sen- 
sitivity 48 h after the last exercise bout, when the residual 
effects of exercise are still intact. Volunteers in these stud- 
ies, however, were not randomly assigned to treatment 

conditions, nor did these investigators consider the effects 
of resistance training on insulin sensitivity. 

We also considered the hypothesis that changes in lipid 
content within the skeletal muscle may predict changes in 
insulin sensitivity in women undergoing exercise training. 
This hypothesis is based on recent data showing that fat 
deposition within muscle may be an important aspect of 
body composition that is linked to insulin resistance (14, 15, 
18). We used computed tomographic imaging to examine 
skeletal muscle at the level of the midthigh. We noted an 
increase in the attenuation values in endurance- and resis- 
tance-trained women, which most likely reflects a decrease 
in skeletal muscle fat content. However, we noted no relation 
between the improved glucose disposal and increased mus- 
cle attenuation values in endurance-trained or resistance- 
trained women (r = 0.24; P = NS). Thus, it is likely that other 
mechanisms are operative. For example, several investiga- 
tors have suggested that the long-term regulation of the 
number and function of glucose transporters (42, 43), capil- 
lary proliferation (44), and the number of Ha (red glycolytic) 
fibers that have a higher GLUT-4 content and are more in- 
sulin responsive (45) are implicated in the improved insulin 
sensitivity in response to chronic exercise. 

We identified only three reports in the literature (6, 46, 
47) that examined the effects of both endurance and re- 
sistance training on proxy measures of insulin sensitivity. 
These studies, however, are not directly comparable to the 
present investigation because of differences in age, sex, 
initial metabolic characteristics of the volunteers, and ex- 
perimental design differences. Two of these studies (6,46) 
were performed in older men with untreated abnormal 
glucose regulation. Moreover, volunteers self-selected 
their mode of exercise, which raises questions regarding 
the biases introduced with subject self-selection. Both of 
these studies used an oral glucose tolerance test and found 
that endurance and resistance training reduced plasma 
glucose and insulin responses to an equivalent oral glu- 
cose load, suggestive of improved glucose tolerance and 
insulin sensitivity. On the other hand, Eriksson and col- 
leagues (47) examined older men and women in a 6-month 
nonrandomized endurance-training study and found no 
discernible effect on insulin sensitivity, as measured by an 
iv glucose tolerance test. In the same study they used a 
10-week circuit training program and found improved 
insulin sensitivity (23%) in eight males, as assessed with 
a euglycemic/hyperinsulinemic clamp technique. We sug- 
gest that additional randomized studies, such as our own, 
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using similar methodologies and in different populations, 
are needed to confirm our findings. 

In summary, enhanced glucose uptake after physical train- 
ing in young women occurs with and without changes in 
FFM and body composition. Two different mechanisms ap- 
pear to be operative. Improved insulin sensitivity in resis- 
tance-trained women is probably due to a mass effect (i.e. 
increased FFM), whereas endurance training enhances glu- 
cose disposal independent of changes in FFM or V02max, 
suggestive of an intrinsic change in the muscle to metabolize 
glucose. We conclude that both endurance and resistance 
training programs are effective interventions to enhance glu- 
cose disposal in young, nonobese women. 
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